Protoporphyrinogen oxidase (EC 1-3-3-4), the 60-kDa membrane-bound flavoenzyme that catalyzes the final reaction of the common branch of the heme and chlorophyll biosynthesis pathways in plants, is the molecular target of diphenyl ether-type herbicides. It is highly resistant to proteases (trypsin, endoproteinase Glu-C, or carboxypeptidases A, B, and Y), because the protein is folded into an extremely compact form. Trypsin maps of the native purified and membrane-bound yeast protoporphyrinogen oxidase show that this basic enzyme (pI > 8.5) was cleaved at a single site under nondenaturing conditions, generating two peptides with relative molecular masses of 30,000 and 35,000. The endoproteinase Glu-C also cleaved the protein into two peptides with similar masses, and there was no additional cleavage site under mild denaturing conditions. Nterminal peptide sequence analysis of the proteolytic (trypsin and endoproteinase Glu-C) peptides showed that both cleavage sites were located in putative connecting loop between the N-terminal domain (25 kDa) with the ␤␣␤ ADP-binding fold and the C-terminal domain (35 kDa), which possibly is involved in the binding of the isoalloxazine moiety of the FAD cofactor. The peptides remained strongly associated and fully active with the K m for protoporphyrinogen and the K i for various inhibitors, diphenyl-ethers, or diphenyleneiodonium derivatives, identical to those measured for the native enzyme. However, the enzyme activity of the peptides was much more susceptible to thermal denaturation than that of the native protein. Only the C-terminal domain of protoporphyrinogen oxidase was labeled specifically in active site-directed photoaffinity-labeling experiments. Trypsin may have caused intramolecular transfer of the labeled group to reactive components of the N-terminal domain, resulting in nonspecific labeling. We suggest that the active site of protoporphyrinogen oxidase is in the C-terminal domain of the protein, at the interface between the C-and N-terminal domains.
Protoporphyrinogen oxidase (EC 1-3-3-4) is the penultimate enzyme of the heme biosynthesis pathway and the final enzyme of the common branch of the heme and chlorophyll biosynthesis pathways in plants. It catalyzes the oxidative O 2 -dependent aromatization of the colorless protoporphyrinogen IX to the highly conjugated protoporphyrin IX. Studies of the structure and function of protoporphyrinogen oxidase have been stimulated by the discovery that diphenyl ether-type herbicides are very potent inhibitors of protoporphyrinogen oxidase activity of yeast, mammal and plant mitochondria, and plant chloroplasts in vitro (1, 2) . The phytotoxicity of diphenyl ether-type herbicides is lightdependent and involves intracellular peroxidation caused by protoporphyrin IX, the heme and chlorophyll precursor, leading to cell damage and lysis (3, 4) .
The topological features at the active site of the protein must be studied if we are to understand the interactions of diphenyl ether-type herbicides with protoporphyrinogen oxidase. Radiolabeled acifluorfen (5) has been used to demonstrate that several chemically unrelated inhibitors of protoporphyrinogen oxidase bind to the same site on the plant enzyme (6) . Specifically bound tritiated acifluorfen is also competitively displaced by protoporphyrinogen IX, the substrate of protoporphyrinogen oxidase (7) . This is consistent with kinetic studies showing that diphenyl ethers are competitive inhibitors (for the tetrapyrrole substrate) of plant, mouse, and yeast protoporphyrinogen oxidase (8) . The binding domains for substrates or inhibitors of an enzyme can be characterized by covalent attachment of radioactive derivatives by photoactivation. We have assessed previously the potential of a diazoketone derivative of [ (5) for use as a photoaffinity-labeling reagent for protoporphyrinogen oxidase. This compound is a specific ligand for the membranebound and purified protoporphyrinogen oxidase of yeast (9) and has been used to characterize a yeast strain previously described as heme-deficient (10) on the basis of a lack of protoporphyrinogen oxidase activity (11) . The aim of this work was to map peptides on the yeast protein that were specifically labeled by DZ-[ 3 H]AF. However, protoporphyrinogen oxidase seems to have a very stable structure and is extremely resistant to proteolytic cleavage. This unexpected property of the enzyme was used to characterize the domain structure of the protein and identify the most probable location of the active site.
containing 0.4% glucose, 0.1% casamino acids (Difco), and kanamycin (70 g͞ml). Induction media were inoculated with cells from fresh cultures grown in Luria-Bertani medium plus kanamycin at 37°C, and four generations were cultured in the induction medium. The cultures were then chilled on ice for 5 min, IPTG was added, and the cultures were shaken (250 rpm) at 25°C for 15 hr. Protoporphyrinogen oxidase was purified from 5 g (wet weight) induced cells collected by centrifugation and suspended in 0.1 M potassium phosphate, pH 7.2, containing 1 mM EDTA and 70 g͞ml of PMSF, and subjected to sonication on ice for 3 ϫ 15 sec. The membrane fraction was collected by centrifugation for 1 h at 105,000 ϫ g, homogenized (Potter) in 0.1 M potassium phosphate, pH 7.2, containing 1 mM EDTA and 70 g͞ml of PMSF with 0.1 M KCl, and washed by centrifugation. The pelleted membranes were homogenized (Potter) in 0.1 M potassium phosphate, pH 7.2, containing 1 mM EDTA, 0.1 M KCl, 70 g͞ml PMSF, and 2% (wt͞vol) n-octyl glucoside. The suspension was subjected to sonication at 4°C, and solubilized membrane proteins were extracted by centrifugation for 1 h at 105,000 ϫ g. Protoporphyrinogen oxidase was purified as described previously (9) . The specific activity of the purified protein was 82,000 nmol protoporphyrinogen oxidized⅐h Ϫ1 ⅐mg
Ϫ1
.
Action of Proteases on Protoporphyrinogen
Oxidase. Endoproteinase Glu-C activity was assayed at 25°C in 0.1 M phosphate buffer, pH 7.3. The assay was started by adding 0.5 units of endoproteinase Glu-C (3.2% final concentration, wt͞wt). One unit of endoproteinase Glu-C catalyses the hydrolysis of 1 mol of z-phenylalanine-leucine-glutamate-4 nitroaniline per minute at pH 8.0 at 25°C. Carboxypeptidases A and B were assayed at 25°C in 0.05 M Tris⅐HCl buffer, pH 7.5, containing 0.05 M KCl. The assays were started by adding 0.5 units of carboxypeptidase A or 1.35 units of carboxypeptidase B (3% final concentration, wt͞wt). One unit of carboxypeptidase A catalyses the hydrolysis of 1 mol of hippuryl-L-phenylalanine per minute at pH 7.5 at 25°C. One unit of carboxypeptidase B catalyses the hydrolysis of 1 mol of hippuryl-L-arginine per minute at pH 7.65 at 25°C. Carboxypeptidase Y was assayed at 25°C in 0.05 M phosphate buffer, pH 6.5, containing 0.05 M KCl. The assay was started by adding 0.9 units of carboxypeptidase Y (3% final concentration, wt͞wt). One unit of carboxypeptidase Y catalyses the hydrolysis of 1 mol of N-CBZ-phenylalanine-alanine per minute at pH 6.75 at 25°C. Trypsin was assayed at 25°C in 0.05 M potassium phosphate buffer, pH 7.3, containing 0.05 M KCl. Proteolysis was started by adding 25 N-␣-benzoyl-1-arginine ethyl ester (BAEE) units of trypsin (2% final concentration, wt͞wt) to the incubation medium. One BAEE unit of trypsin catalyzes the production of a ⌬A 253 of 0.001 per min in 3.2 ml at pH 7.6 at 25°C. The control experiments were identical assays without the addition of protease.
Protoporphyrinogen oxidase activity was measured during proteolysis, and the cleavage products were detected by SDS͞ PAGE. Purified protoporphyrinogen oxidase was diluted 1:2 in 0.1 M potassium phosphate buffer, pH 7.2, containing 8 M urea or 0.4% SDS (final concentration, 4 M urea or 0.2% SDS) for cleavage in denaturing buffer. The reaction was started by adding trypsin (2% final concentration, wt͞wt). Control experiments with BSA as the substrate showed that the trypsin was fully active under these assay conditions. Protoporphyrinogen oxidase activity was determined during trypsin proteolysis, and the degree of trypsin cleavage was assessed by SDS͞PAGE.
Photolabeling The lamps emitted broad-spectrum ultraviolet radiation, with peak emission at 366 nm. The irradiated bacterial membranes were harvested by centrifugation, and the pellet was solubilized in SDS͞PAGE sample buffer (14) . Labeled, purified yeast protoporphyrinogen oxidase or peptides were precipitated with 10% trichloroacetic acid (wt͞vol, final concentration) for 30 min at 4°C and were pelleted by 30-min centrifugation at 15,000 ϫ g. The proteins were denatured in SDS͞PAGE sample buffer and separated by SDS͞PAGE. The gels were fixed for 30 min in ethanol͞acetic acid͞water (30͞10͞60 per volume), treated with Amplify fluorographic reagent (Amersham) for 30 min, dried under vacuum, and used to expose tritium-sensitive films for 1 week at Ϫ80°C.
N-Terminal Peptide and Protein Sequence. Native and protease-treated protoporphyrinogen oxidase molecules were subjected to SDS͞PAGE and transferred to Immobilon-P membrane (Millipore) in 10 mM Tris⅐borate, pH 8.8, by electroblotting. Their N-terminal peptide sequences then were determined. The polypeptides were stained on the Immobilon with 0.01% (wt͞vol) Coomassie blue R250 in ethanol and were destained with water. The stained bands were cut out and processed for automatic Edman degradation on an Applied Biosystems 390 peptide sequencer by using standard procedures for 6-15 cycles.
Miscellaneous. Published procedures were used for SDS͞ PAGE (15) and for the electrophoretic transfer of proteins to nitrocellulose sheets (16) . Preparations were incubated with antiprotoporphyrinogen oxidase polyclonal antibodies and detected by enhanced chemiluminescence (Amersham) with peroxidase-conjugated anti-rabbit IgG secondary antibodies, as recommended by the manufacturer.
Protoporphyrinogen oxidase was assayed by measuring the rate of appearance of protoporphyrin fluorescence (17) at 30°C. The incubation mixture was 0.1 M potassium phosphate buffer, pH 7.2, saturated with air, containing 2 M protoporphyrinogen IX, 3 mM palmitic acid (in dimethyl sulfoxide 0.5% vol͞vol final concentration), 5 mM DTT, 1 mM EDTA, and 0.3 mg͞ml (final concentration) Tween 80, to ensure maximum fluorescence of the protoporphyrin IX. Protoporphyrinogen was prepared by reducing protoporphyrin IX hydrochloride dissolved in KOH͞EtOH (0.04 M͞20%) with freshly prepared 3% sodium amalgam (18) . Protein concentrations of solutions diluted with 0.1 M NaOH were measured by the microBradford technique on solution. One unit of activity is the amount of enzyme that oxidizes 1 nmol protoporphyrinogen IX to protoporphyrin IX per hour at 30°C.
RESULTS
Yeast protoporphyrinogen oxidase (60 kDa) was cleaved rapidly by trypsin into two peptides (30 and 35 kDa) (Fig. 1A) . The native protein was almost completely cleaved in less than 5 min; no further peptides were produced in prolonged incubations of up to 2 h. The mixture of peptides was fully active, even after the longest digestion times (Fig. 1B) . Protoporphyrinogen oxidase in weak denaturing buffers, containing 4 M urea or 0.2% (final concentrations) SDS, was not cleaved at additional sites by trypsin, and the two main peptides (30 and 35 kDa) were always produced when trypsin was active in these denaturing buffers. Furthermore, in 0.2% SDS-containing buffer, protoporphyrinogen oxidase was fully active even after prolonged trypsin digestion. Only 10% of the initial protoporphyrinogen oxidase activity was retained in 4 M urea, but this activity remained constant during trypsin treatment. Microsequencing analysis of the N-terminal sequences from the native protein and both digestion products was performed. Identical sequences (Met-Leu-Leu-Pro-Leu-Thr-LysLeu-) were obtained for the native protein and the 30-kDa peptide and another sequence Ser-Lys-Lys-Thr-Glu-Asn-Leu-His-Gln-Ser-, for the 35-kDa peptide. The sequence of the 35-kDa peptide was sometimes frayed a second, minor sequence, Thr-Glu-Asn-Leu-His-Gln-Ser-Leu-, determined for about 25% of the 35-kDa peptide mixture. The electrophoretic mobility of the 30-kDa peptide was lower than predicted from the calculated mass of the 227-aa peptide, from the initiation methionine to the Arg-227 at the trypsin cleavage site. Therefore, we measured the actual mass of both peptides by mass spectrometry (matrixassociated laser desorption ionization). The measured masses were 25,182 Ϯ 15 and 34,589 Ϯ 15 close to the expected masses (M r ϭ 25,154 and 34,529). This suggests that some other structure in the 30-kDa peptide changes its electrophoretic mobility.
Yeast protoporphyrinogen oxidase (C) was cleaved into two peptides (30 and 35 kDa) by endoproteinase Glu-C (Fig. 2) . The native protein was completely cleaved within 30 min, and no further peptides were produced in prolonged incubations of up to 2 h. The mixture of peptides was fully active, even after prolonged digestion. The N-terminal sequence from the 35-kDa peptide was Asn-Leu-His-Gln-Ser-Leu-.
Protoporphyrinogen oxidase was completely resistant to degradation by carboxypeptidases A, B, or Y or mixtures of these proteases. The enzyme's electrophoretic mobility was unchanged and the enzyme was fully active even after prolonged exposure to carboxypeptidases, whereas control proteins such as BSA were processed efficiently (data not shown).
The tritiated diazoketone derivative of acifluorfen (DZ-[ 3 H]AF) specifically labeled the native protoporphyrinogen oxidase in photoaffinity-labeling experiments. The level of nonspecific labeling was consistently less than 10% of that of specific labeling (Fig. 3A) . Labeled protoporphyrinogen oxidase also was cleaved by trypsin at a single site, generating the same peptides as the unlabeled protein, as determined by Coomassie blue staining. Fluorography showed that both peptides were labeled but only the 35-kDa peptide appeared to be specifically labeled (Fig. 3B) . Quantitative scanning densitometry of fluorograms together with direct counting of the radioactivity in sliced gels showed that all the nonspecific labeling associated to the native protein was recovered on the 30-kDa peptide after trypsin treatment (Fig. 3 A, lane ϩAF and B, lane ϩAF) . Similarly, in experiments in which the protein was labeled without cold inhibitor, all the radioactivity associated to the native protein was recovered on the tryptic peptides, indicating that trypsin action did not lead to significant loss of the labeled probe. However, the intensity of the nonspecific labeling of the 30-kDa peptide was almost similar to that of the 35-kDa peptide, three to five times more intense than expected based on the nonspecific labeling of native protoporphyrinogen oxidase. Labeled protoporphyrinogen oxidase and free DZ-AF were separated by gel filtration, and 
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Proc. Natl. Acad. Sci. USA 95 (1998) 10555 the protein was subjected further to trypsin digestion to determine whether some of the remaining free photoaffinity probe interacted with the peptides in the posttrypsin treatment of the samples. The peptides generated under these experimental conditions were labeled the same way as in the previous experiments, suggesting transfer of some of the probe from the 35-kDa peptide to reactive chemical groups on the 30-kDa peptide may be induced by trypsin treatment of protoporphyrinogen oxidase. When the protein was treated with trypsin and then incubated with the photoaffinity probe, the 35-kDa peptide was specifically labeled, but there was less nonspecific labeling of the 30-kDa peptide than observed previously (data not shown). Protoporphyrinogen oxidase associated with the membrane fraction of E. coli cells overexpressing the HEM14 gene was cleaved at a single site by trypsin, as was the purified protein (Fig.  4) . Both the 30-and the 35-kDa peptides remained associated with the membrane fraction (Fig. 4B) . Photoaffinity labeling of protoporphyrinogen oxidase before trypsin treatment (Fig. 4C) showed that the 35-kDa peptide was specifically labeled whereas the 30-kDa peptide was nonspecifically labeled (Fig. 4D) .
The kinetic properties of the native membrane-bound and purified protoporphyrinogen oxidase were compared with those of the active peptides. The native and the cleaved enzyme had the same overall catalytic properties in terms of affinity for protoporphyrinogen oxidase and IC 50 for acifluorfen and diphenyleneiodonium, a novel, mechanism-based inhibitor of protoporphyrinogen oxidase (Table 1) . However, the active peptide is significantly more heat-labile than the native protein (Fig. 5) .
DISCUSSION
The goal of this research was to determine the structural and functional properties of yeast protoporphyrinogen oxidase on the basis of its proteolytic digestion patterns and identification of binding sites for photoaffinity probes. Proteolysis studies have shown that the enzyme may fold into two domains, a 30-kDa amino-terminal domain containing the ␤␣␤ ADP-binding fold (19) thought to be involved in the interaction between the adenosine diphosphate moiety of the FAD cofactor of the enzyme, and a 35-kDa carboxyl-terminal domain. There is an exposed region linking these two domains (Arg-227; Glu-232) that is susceptible to proteolysis. The limited proteolysis of protoporphyrinogen oxidase by endoproteinase Glu-C and trypsin was unexpected because (i) endoproteinase Glu-C is a very active processing enzyme and protoporphyrinogen oxidase contains 33 aspartic acid and 22 glutamic acid residues as potential endoproteinase Glu-C cleavage sites, (ii) protoporphyrinogen oxidase is a basic protein (pI Ͼ 8.5) with 48 lysine and 24 arginine among its 539 aa, all of which are potential trypsin cleavage sites. A theoretical peptide map for this protein predicts fragments no larger than 1,903 Da (residues 14-32) for trypsin digestion and no larger than 3,877 Da (residues 1-36) for endoproteinase Glu-C digestion. The protoporphyrinogen oxidase structure was resistant to trypsin digestion in the presence of denaturing agents such as 4 M urea and 0.2% SDS, showing that the protein is folded into an extremely compact form. The profile of catalytic activity during proteolysis showed there is a correlation between the maintenance of normal activity levels and the strong association of the two peptides, despite very rapid cleavage of the polypeptide chain. We could not separate the two peptides under nondenaturing conditions, either by gel filtration or by ion-exchange chromatography, in which the peptides were eluted in a single peak of protein activity with the same R f as the native protein. The catalytic properties of the peptides were similar to those of the native protein in terms of affinity constants for both protoporphyrinogen and dioxygen (K m ϭ 0.1 M and 2.3 M, respectively) and inhibition constants for acifluorfen (9), a diphenyl ether- type   FIG. 4 . Fluorographic detection after SDS͞PAGE of photolabeled tryptic fragments of the membrane-bound protoporphyrinogen oxidase fractionated by ultracentrifugation after the trypsin digestion. Lanes: 1 and 6, molecular mass markers; 2 and 4, total labeling in the membrane fraction (2) and supernatant (4); 3 and 5, nonspecific labeling (labeling in the presence of 10 M cold acifluorfen) in the membrane fraction (3) and supernatant (5) .   FIG. 5 . Effect of temperature on purified protoporphyrinogen oxidase (ᮀ) and the tryptic peptides (F) of protoporphyrinogen oxidase. The proteins were consecutively incubated for 5 min at each temperature, and the initial velocity of the enzyme reaction was measured at 30°C on aliquots of the denatured samples. AF, acifluorfen; AFM, acifluorfen methyl; DPI, 2-2Ј diphenyleneiodonium. Ki is the inhibition constant in the E ϩ I ͗ϭ͘ EI reaction; Ki* is the inhibition constant in the EI ͗ϭ͘ EI* isomerization reaction (20) .
herbicide, and diphenyleneiodonium (K i ϭ 10 nM and 0.1 M, respectively) (20) . This shows that the structure and function of the active site, including the isoalloxazin moiety of the flavin, were not affected by cleavage of the polypeptide chain. The close association of the two domains of protoporphyrinogen oxidase made it impossible to clearly identify which of the domains carried the active site of the enzyme. Therefore, we used a photoactivated radiolabeled probe for the active site of protoporphyrinogen oxidase.
Photoaffinity ligands are extremely powerful tools for studying the topological features of binding sites. We have shown previously that a diazoketone derivative of acifluorfen (DZ-[ 
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Proc. Natl. Acad. Sci. USA 95 (1998) 10557 mation in the detergent micelles that keep the purified protein in a soluble form. The membrane-bound protoporphyrinogen oxidase from E. coli cells overproducing the protein was treated with trypsin. The same cleavage site was accessible to trypsin as in the purified protein, showing that the putative loop linking the two domains was accessible to trypsin and therefore was not buried in the membrane-lipid bilayer. Both the 30-kDa amino-terminal domain and the 35-kDa carboxyl-terminal domain remained bound to the membrane fraction. However, the close association between these peptides made it impossible to determine whether both domains are anchored directly to the membrane or whether only one of the domains interacts with the membrane and holds the second domain in place through the strong association of the two domains. It is thought that the most conserved residues in homologous proteins are likely to be important functional groups or involved in the conservation of specific structural features of the protein. Primary sequence alignment of protoporphyrinogen oxidases identifies two main blocks of sequence similarity (Fig. 6) , in addition to the amino-terminal ␤␣␤ ADP-binding fold already identified. These two blocks are on either side of the loop bearing the protease cleavage sites. Hydrophobic cluster analysis (26) of block A reveals the occurrence of probable, highly amphipathic ␣-helices. This block exhibits striking similarities to the amphipathic helices in interaction with the lipid bilayer in prostaglandin-H 2 synthase-1 (27, 28) , where the hydrophobic surfaces of the helices are facing outward, away from the body of the protein, forming a large, hydrophobic patch on the exterior of the protein whereas the opposite side of the helices contains charged residues that are well positioned to interact with phospholipid head groups. The binding surface is not deep enough to extend beyond one leaflet of the lipid bilayer. Similar membrane anchoring, through a large nonpolar plateau, was found in the structure of squalene cyclase (29) that, together with prostaglandin H 2 synthase-1, appears to form a new family of monotopic, membrane-bound proteins (28) . Therefore, it is tempting to speculate that protoporphyrinogen oxidase may be a member of this family, owing to the strong hydrophobicity of this integral membrane-bound protein despite the lack of typical trans-membrane segment. The Bacillus subtilis HemYp protoporphyrinogen oxidase is of particular interest. Its protoporphyrinogen-oxidizing activity has been studied (30, 31) , and, unlike the other enzymes, it is neither substrate-specific (uroporphyrinogen III and coproporphyrinogen III are both efficiently oxidized to their corresponding porphyrin forms) (32) nor inhibited by diphenyl ether-type herbicides (33) . Analysis of the differences in primary structure between HemYp and the other enzymes shows that, whereas the first block of homology is conserved in this protein, it lacks the second block of homology. The role of some of the residues in this block has been demonstrated by the characterization of two missense mutations in the yeast gene (Leu-422 3 Pro and Lys-424 3 Glu) that abolished enzyme activity (9) . This suggests that some of the determinants of specificity for protoporphyrinogen oxidase are located in this structure that therefore should be used for investigating the molecular basis of the interaction of diphenyl ether-type herbicides with protoporphyrinogen oxidase.
The demonstration that the specific binding site for DZ-[ 3 H]AF is associated with the C-terminal domain of the protein, as well as the sequence analysis, suggests that the active site of protoporphyrinogen oxidase is located in the C-terminal domain of the protein, at the interface between the C-and N-terminal domains.
